The sustentacular cells of the carotid body and the a d r e d medulla of guinea pigs were studied by light and electron microscopic immunohistochemistry and compared with the Schwann or satellite cells of the peripheral nervous system. In the peripheral nervous system, neuzolls were immunoreactive for protein gene product (PGP) 9.5, whereas Schwann cells or satellite cells were immunoteaaive for S-100 protein and vimentin. Vimentin immunoreactivity was detected on the intermediate fdaments of the Schwann cells by postembedding immunogold labeling. In the carotid body and the adrenal medulla, glomus cells or chromaffin cells were closely enveloped by the sustentacular cells, which protruded long cytoplasmic processes and had some axom embedded in them, as in Schwann cells. The glomus cells or &Mi cells expressed immunoreactivity for PGP 9.5, whereas the School of Medicine, Sagamihara, Kanagawa 228, Japan. sustentacular cells a r p r r s s e d immunoreactivity for S-100 protein and vimentin. The sustentacular cells were characterized by the presence of abundant intermediate f h e n t s on which immunogold particles for vimentin were densely located. From these results, it is concluded that the sustentacular cells closely resemble glial cells of the peripheral nervous system in immunohistochemical, ultrastructural, and also functional properties, and may belong to the glial lineage, originating from the neural aest. ( J Hisrochem
Introduction
Intermediate filaments, structurally identifed as 10 nm in diameter, show a wide heterogeneity in their polypeptide subunits and have been classified on the basis of biochemical and immunological criteria into at least five classes: keratins, desmin, vimentin, neurofilaments, and glial fibrillary acidic protein (GFAP). The intermediate filament proteins are usually expressed in particular cell types. GFAP has been established as the prominent intermediate filament protein of astrocytes in the central nervous system. In the peripheral nervous system, GFAP immunoreactivity has been demonstrated in glia-like cells of enteric ganglia, some satellite cells, and a subpopulation of Schwann cells (Fields and Yen, 1985; Jessen et al., 1984) . Vimentin with a molecular weight of 58 KD was initially described as characteristic of mesenchymal cells. Transient expression of vimentin has also been reported in a variety of cell types at immature stages of cell differentiation (see Kameda, 1995 for references). In particular, in immature glial cells vimentin appears to be the major cytoskeletal component (Stichel et al., 1991;  Cytoch~n k4:1&9-lk49,19%) Dah1 et al., 1981) . Furthermore, the protein coexists with GFAP in astrocytes of the adult rat optic nerve (Calvo et al., 1990) and in cultured Schwann cells and glioma cells (Bianchini et al., 1992) . It has been reported in rat and rabbit sciatic nerves that the main intermediate filament protein of Schwann cells is vimentin (Autilio-Gambetti et al., 1982; Yen and Fields, 1981) .
The carotid body of various animal species consists mainly of two types of cells, the glomus cell (chief or Type I cell) and the sustentacular cell (Type I1 cell) (Vema, 1979; Kobayashi, 1971 ). The sustentacular cells partially surround glomus cells with their thin cytoplasmic processes and have axons embedded in them, as in Schwann cells. The sustentacular cells of rat and cat carotid bodies have been reported to express immunoreactivity for S-100 protein (Abramovici et al., 1991; Kondo et al., 1982) . In rat and human adrenal medulla, satellite or sustentacular cells that closely envelop chromaffin cells without a basal lamina have becn immunolabeled with S-100 protein antisera (Lauriola et al., 1985; Cocchia and Michetti, 1981) . S-100 protein is a calcium-binding acidic protein originally isolated from the brain. Astrocytes of the central nervous system, satellite cells of the peripheral ganglia, and Schwann cells are h"oreactive for s-100 protein (Stefansson et d., 1982; Cocchia. 1981) . The protein has therefore been regarded as a common marker for glial cells, including Schwann cells. It has been suggested that sustentacular cells of both the carotid body and the adrenal medulla are structurally modified Schwann cells, because the cells express immunoreactivity for S-100 protein (Kondo et al., 1982; Cocchia and Michetti, 1981) . To support this hypothesis, it is necessary to determine whether the sustentacular cells, as well as Schwann cells, are immunolabeled with vimentin or GFAP antibodies. However, no data are available concerning the intermediate filament proteins located in the sustentacular cells of the carotid body and adrenal medulla. The objective of this study was to clarify localization of the intermediate filament protein of the guinea pig sustentacular cells by light and electron microscopic immunohistochemistry, compared with that in the Schwann cells or satellite cells.
Materials and Methods
Fifteen guinea pigs (Hartley strain) of either sex and aged 3-6 months were used. Individual animals were deeply anesthetized by IP injection of sodium pentobarbital (70 mglkg) before use.
Light h & "~c Immunohistochemistry. The distal ganglion of the vagus nerve, duodenum, adrenal gland, and carotid body were fixed in Bouin's solution for 24-48 hr, embedded in paraffin, and sectioned at a thickness of 5 pm. Selected sections were stained with hematoxylin-eosin for orientation. Immunohistochemical staining was carried out using the streptavidin-biotin-peroxidase method or the peroxidase-anti-peroxidase (PAP) method. Before incubation of primary antibodies, sections were placed in methanolic hydrogen peroxide solution (1 part 3% H202 to 5 parts methanol, vlv) for 30 min at room temperature (RT) to eliminate endogenous peroxidase activity. Some sections were treated with two 5-min microwave heatings in 0.01 M sodium citrate buffer, pH 6.0 (Ian et al., 1995) . Four kinds of primary antibodies were employed: (a) the mouse monoclonal antibody (MAb) V9 to vimentin, purified from porcine eye lens; (b) rabbit antiserum to S-100 protein, purified from bovine brain; (c) rabbit antiserum to GFAP, purified from bovine spinal cord; and (d) rabbit antihuman protein gene product (PGP) 9.5 antiserum. The vimentin MAb and the polyclonal anti-S-100 protein and anti-GFAP antisera were purchased from Dako (Carpinteria, CA). The vimentin and GFAP antibodies are prediluted products. The S-100 protein antiserum was used at a dilution of 1:200. The polyclonal anti-PGP 9.5 antiserum was purchased from UltraClone (Isle of Wight, UK) and was used at a dilution of 1:1000. Sections were incubated with the primary antibodies for 18 hr at 4°C and then washed three times in PBS, pH 7.3. Immunoreactive sites for the vimentin MAb and the PGP 9.5 antiserum were detected with the streptavidin-biotin-peroxidare method. Sections were incubated for 30 min with biotinylated anti-mouse Ig or anti-rabbit Ig (Amersham; Poole, UK) diluted 1:200. After a rinse in PBS, streptavidin-horseradish peroxidase conjugate (Amersham) diluted 1:300 was applied for 60 min. Immunoreactive sites for the GFAP and S-100 protein antisera were detected with the PAP method. Sections were incubated for 30 min with goat anti-rabbit Ig (Dako) diluted 1:lOO. After a rinse in PBS, rabbit PAP (Dako) diluted 1:lOO was applied for 60 min. Demonstration of binding sites was accomplished with 0.01% 3,3'-diaminobenzidine tetrahydrochloride in 0.05 M Tiis, pH 7.6, plus 0.01% H202. Control reactions included replacing the primary antibodies with normal (nonimmune) mouse Ig or rabbit Ig and omission of the primary antibodies. Furthermore, the vimentin MAb was absorbed with an excess of vimentin extracted from canine eye lens or with commercially available bovine vimentin (Sigma; St Louis, MO) at a concentration of 20 vg/ml overnight. All control reactions were negative. It has been reported that the vimentin MAb (V9) reacts only with vimentin and does not recognize other intermediate filament proteins (Osborn et al., 1984) . Crossreactivity was tested by absorption of the S-100 protein antiserum with vimentin.
Staining of the S-100 protein antiserum was not suppressed by the absorption. It has been demonstrated in a previous study (Kameda. 1996) that the S-100 protein antiserum and the vimentin MAb react with different cells in the hypophyseal pars tuberalis of guinea pigs.
Electron Microscopic Immunohistochemistry. Animals were perfused through the heart with Hartmann's D solution (lactated Ringer's solution containing 5% glucose) (Green Cross; Osaka, Japan) containing 0.025% lidocaine HCI and heparin (1000 IU/liter), followed by 4% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M cacodylate buffer. pH 7.4. The tissues were excised and fixed for an additional 1 hr in the same fixative. After postfixation for 30 min with 1% osmium tetroxide in cacodylate buffer containing 1.5 % potassium hexacyanoferrate, specimens were dehydrated through graded ethanols (60-100%) and embedded in LR White. The resin was polymerized for 12-18 hr at 55'C. Immunoelectron microscopy using a combination of reduced osmium and LR White resin was developed by Tamaki and Yamashina (1994) . Thin sections were cut, mounted on nickel grids, and treated with 1% sodium metaperiodate for 2 min. Before incubation with the primary antiserum. the grids were incubated with 1% bovine serum albumin for 1 hr. Then the grids were floated on a drop of the vimentin MAb supplemented with 1% normal mouse serum, overnight at 4°C. After washing in PBS, the grids were incubated with 15-nm goldlabeled goat anti-mouse IgG (Amersham) for 1 hr at RT. The secondary antibody was used at a dilution of 1:lO. All sections were contrasted with uranyl acetate and lead citrate. The specificity of the immunolabeling was tested by substitution for the vimentin MAb with preimmune mouse serum in buffer containing carrier protein (negative control reagent for vimentin; Dako). and omission of the antibody. Control sections showed no immunoreactivity.
Results

Light Microscopic Immunohistochemistry
Neurons of the distal vagal ganglion were immunolabeled with the PGP 9.5 antiserum ( Figure 1A) . Satellite cells and Schwann cells, however, were devoid of staining for PGP 9.5 ( Figure 1A ). The satellite cells around neuronal cell bodies were immunoreactive for S-100 protein ( Figure 1B ). The cells were also specifically labeled with the vimentin (V9) MAb ( Figure IC) . Neuronal perikarya were almost completely surrounded by vimentin-immunoreactive cells.
In the adrenal medulla, all chromaffin cells that were arranged in clusters were immunoreactive for PGP9.5 (Figure 2A ). Sustentacular cells expressing immunoreactivity for S-100 protein were distributed in close vicinity to the chromaffin cell groups ( Figure 2B ). The S-100-immunoreactive cells were characterized by a small cell body and long cytoplasmic processes, exhibiting dendritic forms. The sustentacular cells were also immunolabeled with the vimentin MAb ( Figure 2C ). Long cytoplasmic processes of the vimentinimmunoreactive cells partially or completely invested chromaffin cell groups.
In the carotid body, glomus cells gathered in small cell groups were scattered in the connective tissue stroma. All glomus cells expressed immunoreactivity for PGP 9.5, although the intensity of the immunostaining varied from cell to cell ( Figure 3A) . Many fine nerve fibers were distributed within the carotid body parenchyma. Some of them were closely apposed to the glomus cells. In addition, large nerve bundles were observed around the carotid body parenchyma. The sustentacular cells were intensely immunolabeled with both the S-100 protein and the vimentin MAb and 3C). The cells were flattened and had long cytoplasmic processes encircling the glomus cells. The proportion of sustentacular cells to endocrine cells was greater in the carotid body than in the adrenal medulla.
Neither the sustentacular cells in the carotid body nor the cells in the adrenal medulla expressed immunoreactivity for GFAP.
Immunoelectmn Microscopy
The localization of vimentin immunoreactivity in each tissue was confirmed at the electron microscopic level using postembedding immunogold labeling.
In the nerve fibers. thick bundles of intermediate filaments were commonly localized in the Schwann cells. They were usually arranged in parallel along the long axis of the cytoplasm of Schwann cells. Immunogold particles representing vimentin immunoreactivity were found associated with the intermediate filaments (Figure 4) . Axom embedded in the cytoplasm of Schwann cells exhibited no immunoreactivity for vimentin.
In the adrenal medulla, chromaffin cells were packed with secretory granules, whereas sustentacular cells contained no secretory granules ( Figure 5) . Therefore, the sustentacular cells were clearly distinguished from the chromaffin cells. The sustentacular cells displayed small perikarya, an oval to irregular nucleus, and cytoplasmic processes that were interposed between the chromaffin cells or between the chromaffin cell and the basal lamina. Moderate numbers of rough endoplasmic reticulum (ER), Golgi complexes, mitochondria, and lysosomes were observed in the juxtanuclear areas of the sustentacular cells ( Figure 5 ). The cytoplasmic processes of sustentacular cells were very long and ensheathed the surface of chromaffin cells ( Figure 6 ). Some axons were embedded in the cytoplasmic processes of the sustentacular cells (Figure 7) . Prominent intermediate fdaments, frequently aggregated in bundles, were distributed throughout the cytoplasm of sustentacular cells. In particular, they were conspicuous in the long cytoplasmic processes covering the chromaffin cells ( Figure 6 ). Gold particles for vimentin were specifically localized on the intermediate filaments of the sustentacular cells ( Figures 5-7) . Chromaffin cells and axons surrounded by the sustentacular cells lacked immunoreactivity for vimentin.
In the carotid body, individual glomus cells or small groups consisting of the two or three glomus cells were almost completely surrounded by thin cytoplasmic processes of the sustentacular cells. The sustentacular cells were agranular and had irregular and chromatin-dense nuclei (Figure 8 ). Moderately developed Golgi complexes, rough ER, mitochondria and lysosomes were observed around the nucleus (Figure 8 ). In addition, intermediate filaments were a prominent component of the sustentacular cells. The filaments were usually concentrated in the cytoplasmic processes apposed to the surface of glomus cells (Figure 9 ). Dense aggregates of intermediate filament bundles were also observed in the sustentacular cells that accumulated the cytoplasmic processes of the glomus cells (Figure 10 ). Gold particles for vimentin were associated with the intermediate filaments of the sustentacular cells ( Figures  8-10 ). Glomus cells expressed no immunoreactivity for vimentin.
Discussion
The carotid body shares many common properties with the adrenal medulla. Both the glomus cells and the chromaffin cells synthesize and secrete catecholamines and serotonin (Oomori et al., 1994; Kameda, 1990a; Hansen and Christie, 1981) . The cells express immunoreactivity for chromogranin and catecholaminesynthesizing enzymes such as tyrosine hydroxylase and dopamine P-hydroxylase (Kameda et al., 1990; Heym and Kummer, 1988; Varndell et al., 1982) . Furthermore, immunoreactivity for regulatory peptidesenkephalin, neuropeptide Y, and atrial natriuretic peptide-has been demonstrated in both the glomus cells and the chromaffin cells (Wolfensberger et al., 1995; Wang et al., 1991; Kameda, 1990b; Lundberg et al., 1979) . Both of these cells are surrounded and supported by sustentacular cells containing abundant intermediate filaments.
This study first demonstrated that the sustentacular cells of both the adrenal medulla and the carotid body from guinea pigs expressed immunoreactivity for vimentin. Furthermore, it was demonstrated by a postembedding immunogold labeling that gold particles for vimentin were specifically localized on the intermediate filaments of the sustentacular cells in both the organs. The vimentin filament system may participate in the function of sustentacular cells that support the neuroendocrine cells mechanically and modulate cell activity.
In the carotid body there are many sustentacular cells. A majority of glomus cells in guinea pigs were enveloped by the sustentacular cells and were in close contact with many axom. Quantitative studies at the electron microscopic level have reported that, in the monkey carotid body, each sustentacular cell ensheathes about three glomus cells (Hansen, 1985) , and that, in the rat, glomus cells outnumber sustentacular cells by a factor of 3 to 5 (McDonald and Mitchell, 1975) . The ultrastructure of the caraid body sustentacular cells has been studied in a wide variety of animal species. The main role of the sustentacular cells has been suggested to provide a pathway for axons leading to or from glomus cells and to modlfy the response of the glomus cells (Hodges et al., 1975) . In the adrenal medulla, the population of sustentacular cells per area is small compared with that in the carotid body. Therefore, information conceming the sustentacular cells of the adrenal medulla is fragmentary. The present electron microscopic study revealed that the sustentacular cells of the adrenal medulla were similar in their ultrastructural features to the cells of the carotid body. They were characterized by the presence of abundant intermediate filaments, which were concentrated in the cytoplasmic processes encircling the glomus cells or chromaffin cells.
The intermediate filament proteins of glial cells of the peripheral nervous system that have been reported thus far are vimentin and GFAP. Co-expression of vimentin and GFAP has been demonstrated on the same intermediate filaments in a human glioma cell line at the electron microscopic level (Wang et al., 1984) . In the present study, accumulation of gold particles for vimentin was detected on the intermediate filaments of normal Schwann cells of guinea pigs in vivo.
The ganglion consists of two types of cells, i.e., neurons and sat- ellite cells surrounding neuronal cell bodies or Schwann cells surrounding axons. Neurons were immunoreactive for PGP 9.5 and satellite or Schwann cells were immunoreactive for S-100 protein and vimentin. The adrenal medulla and the carotid body show close similarity to the neural tissue as members of the paraganglion family. They were classified into two types of cells, i.e., PGP 9.5immunoreactive neuroendocrine cells and vimentin-and S-100immunoreactive sustentacular cells. It has been reported that S-100 protein is released from glial cells and promotes the growth and differentiation of neurons, having neurotropic activity (see Van Eldik et al., 1992 for references). S-100 protein is believed to be secreted by the sustentacular cells and to act as a trophic factor for the adjoining glomus cells or chromaffin cells. Except for the small granule chromaffin cells (Kobayashi and Coupland, 1977) . ordinary chromaffin cells have few cytoplasmic process and are gathered in large cell groups. On the other hand, glomus cells of the carotid body frequently extrude long cytoplasmic processes and are dispersed as small cell groups. Like Schwann cells accumulating axons. the sustentacular cells accumulating the cytoplasmic processes of glomus cells were detected in the carotid body. These sustentacular cells were filled with thick bundles of intermediate filament immunoreactive for vimentin. This type of sustentacular cell was not observed in the adrenal medulla. Therefore, the sustentacular cells of the adrenal medulla are similar to the satellite cells, whereas those of the carotid body consist of two elements, one similar to the satellite cells and the other similar to Schwann cells.
The adrenal medulla originates from the so-called sympathoadrenal region of the neural crest (Le Douarin, 1980) . It has been reported that the NCM-1 cell line derived by retroviral transduction of the v-myc oncogene into migrating rat neural crest cells generates both cells with a glial progenitor-like phenotype and cells with a sympathoadrenal progenitor-like phenotype (Lo et al., 1991) . Not only chromaffin cells but also sustentacular cells of the adrenal medulla appear to originate from the neural crest. We studied in detail the development of the chick carotid body by immunohistochemistry and electron microscopy (Kameda, 1994; Kameda et al., 1994) . The results demonstrated that both the glomus cells and sustentacular cells of the chick carotid body originate from the distal vagal ganglion (nodose ganglion). It is generally accepted that the glial elements of the peripheral nervous system are derived from the neural crest (Le Douarin et al., 1992) . The present Original magnification x 27,000. Bar = 0.6 pm.
results indicate that the sustentacular cells of both the carotid body and adrenal medulla belong to the glial lineage. The sustentacular cells are assumed to be modified satellite cells or Schwann cells and they support and regulate the endocrine cells, similar to the function of glial cells for neurons.
